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The present study investigated the effect of the 6-monodeoxy-6-monoamine-b-cyclodextrin(Am-b-CD)/
DNA (Am-b-CD/DNA) complex, as well as of culture medium components and proteins, at pH 7.4 and 5.0,
on membranes of anionic and pH-sensitive liposomes comprised of DOPE–CHEMS, using energy disper-
sive X-ray diffraction (EDXD). At pH 7.4, the Am-b-CD/DNA complex induced the appearance of lamellar
and hexagonal phases of DOPE. However, at pH 5.0, only non-lamellar phases could be observed. The
presence of biological components led to a disruption of lipid order, but the pH-sensitivity of liposomes
was maintained.
 2011 Elsevier B.V.Open access under the Elsevier OA license.1. Introduction
Genetic therapy is a treatment strategy that relies upon the efﬁ-
cient introduction of genetic material, generally plasmids contain-
ing transgenes, within a targeted cell population. However, the
cellular uptake of naked DNA is highly inefﬁcient due to its large
molecular size and low stability in biological ﬂuids [1,2]. Thus,
one of the primary objectives of gene therapy is the development
of efﬁcient, non-toxic gene carriers that can effectively deliver for-
eign genetic material to speciﬁc cell types, including cancerous
cells. The two main gene carrier systems that have been used in
gene therapy are viral vectors and non-viral delivery systems [3].
Viral vectors are efﬁcient in gene transfers, but have several limita-
tions related to safety and production costs. Viremia, local inﬂam-
mation, dissemination of adenovirus in seminal ﬂuids, as well as
respiratory and multiple organ failure have all occurred after the
administration of adenoviral vectors [4–7]. Moreover, viral transfer
agents can generate mutagenesis, and the plasmid size which can
be incorporated is limited. Concerning its formulation, the produc-
tion of viral titers is expensive, revealing difﬁculties in upscaling
and control. It has also been demonstrated that adenoviruses
may lose their potency after storage [8,9]. Thus, non-viral carriers001@yahoo.com.br (M.C. de
sevier OA license.represent an alternative to viral vectors. The design of non-viral
vectors is based mainly on the use of cationic polymers [10–12]
or lipids which are able to interact with anionic DNA molecules
and form a positively charged complex that can interact with the
negatively charged cellular surface and undergo rapid internaliza-
tion [13–16]. However, the use of these cationic transfection
systems has been limited by cytotoxicity and the varying levels
of transfection efﬁciency [17,18]. The heterogeneous response to
transfection may well be the result of the high degree of polydis-
persity and inactivation of these systems in the presence of serum.
Anionic DNA carriers may be an alternative to cationic ones.
Anionic and pH-sensitive liposomes containing DNA were devel-
oped by our research group. This system was obtained by the
previous binding of DNA molecules to cationic cyclodextrins [19].
It is well-known that the efﬁcacy of the nucleic acid delivery
system also depends on the ability of these molecules to cross
intracellular barriers, especially the endosomal and lysosomal
membranes. This latter compartment is rich in enzymes, which
can cause the degradation of DNA [20]. Considering that most
cellular uptake of exogenous entities occurs through endocytosis,
the pH-sensitive liposomes represent a good strategy to avoid this
degradation. These liposomes are composed of unsaturated
phosphatidylethanolamine, such as dioleylphosphatidylethanol-
amine (DOPE), and take advantage of their polymorphic phase
behavior, which forms inverted hexagonal phases (HII) rather than
bilayers, to reach the cationic cyclodextrin/DNA complex to then
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the bilayers can be achieved by using a titratable acid lipid, such as
cholesteryl hemisuccinate (CHEMS), which is negatively charged at
neutral pH. This lipid, homogenously distributed among DOPE
molecules, provides electrostatic repulsions which decrease inter-
molecular interactions, thus preventing an HII phase formation
under physiological conditions. The protonation of CHEMS
molecules in acidic medium, such as occurs inside endosomes
(pH 6.5–5.5), allows for the release of intact DNA into the cells
[21]. Since the lamellar-to-hexagonal phase transition plays a
crucial role in cationic cyclodextrin/DNA complex delivery using
pH-sensitive liposomes, it is interesting to investigate the self-
assembly of DOPE/CHEMS liposomes containing this complex.
Moreover, in previous studies, De Oliveira et al. [24] showed that
nucleic acid molecules are able to interact with DOPE, in turn lead-
ing to a more ordered lamellar and hexagonal structure. Thus, in
the present study, the self-assembly of DOPE/CHEMS liposomes
containing the cationic cyclodextrin/DNA complex was investi-
gated by energy dispersive X-ray diffraction. Considering that the
transfection efﬁciency of this system will be dependent on its
structural organization at acidic pH and within a biological
medium, such as in the presence of culture medium components
and fetal bovine serum, the lipid behavior under these conditions
was evaluated.2. Materials and methods
2.1. Materials
1,2-Dioleyl-sn-glycero-3-phosphatidylethanolamine (DOPE)
was purchased from Lipoid (Ludwigshafen, Germany). Cholesteryl
hemisuccinate (CHEMS), GenElute™ HP Plasmid Midiprep Kit,
and fetal bovine serum (FBS) were purchased from Sigma–Aldrich
(St. Louis, MO, USA). Luria broth (LB) medium and Quanti-iT™
PicoGreen ds DNA Reagent were purchased from Invitrogen
(Barcelona, Spain). 6-Monodeoxy-6-monoamine-b-cyclodextrin
(Am-b-CD) was purchased from CycloLab Cyclodextrin Research
& Development Laboratory, Ltd. (Budapest, Hungary). The
RPMI-1640 culture medium was purchased from ATCC (Manassas,
Virginia, USA). Plasmid pAct, a 5797 pb plasmid containing a gene
coding for the activin (Act) protein, and Escherichia coli DH5a cells
were provided by Dr. Jorge Luiz Pesquero from the Department of
Physiology and Biophysics, Institute of Biological Sciences,
Universidade Federal de Minas Gerais, Brazil. All other chemicals
were of reagent grade and used as received.2.2. Preparation of plasmid DNA
E. coliDH5a cellswere transformedwith theplasmidpActbyheat
shock technique. An aliquot of theplasmidpActwas added to100 lL
of E. coli cell suspension. The preparation was cooled in an ice bath
for 30 min, followedbyheating to 42 C (Thermo shaker, Uniscience,
TS-100, Waltham, MA, USA) and further cooling in an ice bath for
2 min. Next, 500 lL of LBmediumwas added andmaintained under
agitation at 37 C for 2 h. Transformed E. coli cells were further
proliferated in an LB medium containing 100 lg/mL ampicillin at
37 C under vigorous shaking for 18 h (Thermo shaker, Thermo
Scientiﬁc MAXQ 4000, Dubuque, Iowa, USA). E. coli cultures with
OD600 > 2.0 underwent centrifugation, and the plasmid pAct was
extracted and puriﬁed using the GenElute™ HP Plasmid Midiprep,
according to the Kit’s manufacturer instructions. The concentration
of plasmid pAct was determined spectroscopically at 260 nm
(UV–visible spectrophotometer, Hewlett Packard 8453, Palo Alto,
CA, USA). The purity of the plasmid pAct was evaluated by
determining the ratio of (OD260–OD320)/(OD280–OD320).2.3. Am-b-CD/DNA complex preparation
The Am-b-CD/DNA complex at a 1/1 charge ratio (+/) was pre-
pared as previously described by Tavares et al. [19]. An aliquot of
Am-b-CD solution (175.4 lg/lL in 50 mM Tris–NaCl buffer pH
7.4) was added to an appropriate amount of the plasmid pAct prep-
aration (0.32 lg/lL). The mixture was then kept overnight under
magnetic stirring.2.4. Sample preparation
Anionic and pH-sensitive liposomes, either containing the
Am-b-CD/DNA complex or not, were also prepared as described
by Tavares et al. [19]. DOPE and CHEMS were dissolved in chloro-
form at a 20 mM total lipid concentration (6:4 molar ratio, respec-
tively). The mixture was evaporated under reduced pressure, and
the resulting dry lipid ﬁlm was dissolved in ethyl ether. Subse-
quently, either the Am-b-CD/DNA complex dissolved in 50 mM
Tris–NaCl solution or only the buffer was added to the organic
solution for preparation of DOPE–CHEMS liposomes containing
the Am-b-CD/DNA complex and blank liposomes, respectively.
The DNA concentration in the Am-b-CD/DNA complex solution
was equal to 25 lg/mL. The system was stirred with a vortex and
the ethyl ether was removed using reduced pressure. The lipo-
somes obtained were calibrated by extrusion through 0.4 and
0.2 lm polycarbonate membranes. After, liposomes were submit-
ted to ultracentrifugation at 150 000g at 4 C for 90 min (OPTIMA™
L-80XP, Beckman Coulter – Fullerton, CA, USA). This ultracentrifu-
gation process was performed to puriﬁcation of DOPE–CHEMS
liposomes containing the Am-b-CD/DNA complex (elimination of
the supernatant containing the non-entrapped fraction of the
Am-b-CD/DNA complex). Then, the lipid vesicles pellet was re-sus-
pended in 50 mM Tris–NaCl buffer (pH 7.4). The amount of
Am-b-CD/DNA complex encapsulated inside vesicles was deter-
mined by the reaction of DNA with PicoGreen, as described by
Tavares et al. [19]. The amount of DNA molecules entrapped in
liposomes was equal to 10 lg/mL (2.6  106 mM of DNA). In order
to evaluate the inﬂuence of different medium and pH on the self-
assembly of vesicles, the samples were again centrifuged and the
vesicle pellets were re-suspended using different kinds of solu-
tions, including: 50 mM Tris–NaCl buffer (pH 7.4 or 5.0), RPMI1640
culture medium (CM) (pH 7.4 or 5.0), and culture medium contain-
ing 10% (v/v) FBS (CCM) (pH 7.4 or 5.0). Next, the samples were
again submitted to ultracentrifugation and a thin ﬁlm of pellet
(DOPE–CHEMS liposomes containing the Am-b-CD/DNA complex
or blank liposomes) was deposited onto the silicon surface for
EDXD analysis. The aim of this ultracentrifugation step was pro-
mote the concentration of the samples in order to identify possible
changes in the structural arrangement of lipids in bilayers.2.5. Energy dispersive X-ray diffraction (EDXD)
All EDXD measurements were performed within the X-Ray
Fluorescence beamline (D09B–XRF) of the Brazilian Synchrotron
Light Laboratory (Campinas, SP)1. This beamline is able to deliver
a white beam from its bending magnet source to the sample posi-
tion, yielding a bandpass between 4 and 25 keV. EDXD patterns
were detected using a solid state detector with an energy resolu-
tion of 165 eV, providing a q range of 0.10–0.60 Å1 for a ﬁxed inci-
dent angle of 2. The intensity of the measured spectra was
normalized according to exposure time and the current on the syn-
chrotron. The pellet samples were deposited on clean single-crys-
talline silicon and allowed to dry for several minutes prior to
measurements. The exposure time varied from 100 to 500 s and
no degradation was observed for exposure times up to 600 s.
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The diffraction patterns of anionic and pH-sensitive liposomes
were ﬁrst investigated without the Am-b-CD/DNA complex (blank
liposomes) and prepared in 50 mM Tris–NaCl buffer or CM at pH
7.4 or 5.0. In Figure 1(Panel A), the EDXD spectra of liposomes pre-
pared in50 mMTris–NaCl buffer at pH7.4 showed threebroadpeaks
at q = 0.142, 0.271, and 0.398 Å1. The periodicities of Bragg reﬂec-
tions were calculated through the formula d = 2p/q and the lattice
spacing foundwas equivalent to 44.2, 23.1, and 15.8 Å, which corre-
sponded to a lamellar structure. This structural dimension of the
lamellar phase is in agreement with data reported in other studies
for anionic bilayers consisting of DOPE molecules [21,24]. SAXS
measurements also showed an equivalent lipidic bilayer thickness
(45.5 Å) for DC–CHOL–DOPE cationic liposomes [25].
Panel B of Figure 1 depicts the inﬂuence of the acid pH on the
phase behavior of DOPE molecules. The EDXD spectra showed





7, and 3 (q = 0.145, 0.249, 0.284, 0.380, and
0.425 Å1). The X-ray diffraction illustrated the occurrence of
lamellar-hexagonal DOPE phase transition under a decrease of
pH. It is known that ionized CHEMS molecules induce the appear-
ance of electrostatic repulsions between their carboxylic groups
and DOPE’s phosphate groups. This fact prevents the formation of
phosphate–ammonium hydrogen bonds between DOPE molecules,
which are responsible for their tendency to adopt the inverted hex-
agonal phase. Thus, at pH 5.0, the organization of DOPE molecules
in a hexagonal phase can be explained by CHEMS molecules pro-
tonation, which in turn lead to a destabilization of the lipid
bilayers.
Figure 2 shows the EDXD spectra of blank liposomes prepared
in a culture medium at pH 7.4 (Panel A) and pH 5.0 (Panel B). InFigure 1. EDXD spectra of liposomes consisting of DOPE and CHEMS (20 mM and molar r
pH 5.0 (Panel B).
Figure 2. EDXD spectra of liposomes consisting of DOPE and CHEMS (20 mM and molar
5.0 (Panel B).Panel A, three peaks were identiﬁed at q = 0.143, 0.265, and
0.398 Å1, and the periodicity of the Bragg reﬂections was nearly
1, 2, and 3, which characterizes the presence of the lamellar phase
of DOPE molecules. The EDXD spectra, when compared to the spec-
tra of the liposomes prepared in 50 mM Tris–NaCl buffer at pH 7.4
(Figure 1, Panel A), showed a broadening and decrease of the dif-
fraction peaks. This ﬁnding suggests the occurrence of interactions
between the culture medium components and the liposomal mem-
brane. The effect of the pH decrease on the membranes of blank
liposomes prepared in a culture medium at pH 5.0 can be seen in
Panel B of Figure 2. The suppression of the peak could be observed
at q  0.40 Å1, and an increase in the intensity of the main peak at
q = 0.152, when compared to the spectra at pH 7.4 (Panel A). The
periodicity of the Bragg reﬂections was equal to 1 and
p
3
(q = 0.152 and 0.273 Å1), indicating that the pH reduction induced
the organization of DOPE molecules within a hexagonal structure.
Next, the effect of the encapsulation of the Am-b-CD/DNA com-
plex on the X-ray diffraction pattern of anionic and pH-sensitive
liposomes comprised of DOPE and CHEMS was investigated and
prepared in a 50 mM Tris–NaCl buffer or CCM at pH 7.4 or 5.0.
Two patterns of Bragg reﬂections with ratios equal to 1, 2, and 3




7, and 3 (q = 0.144,
0.257, 0.282, 0.385, 0.425 Å1) were identiﬁed for these liposomes
containing an Am-b-CD/DNA complex at concentrations of
25.0 lg/mL and prepared in a 50 mM Tris–NaCl buffer at pH 7.4
(Figure 3, Panel A). Furthermore, an additional peak at
q ﬃ 0180 Å1 could also be observed, which may correspond to an
interhelical spacing between the DNA chains of dDNA ﬃ 35 Å. Similar
observations were found with DOPE/DOTAP/CHOL or DOPC/DOTAP
liposomes in which DNA was condensed between apposed lipid
bilayers [26,27], leading to an increase in the lattice spacing. In-
deed, the coexistence of lamellar and hexagonal phases may beatio of 6:4, respectively), prepared in 50 mM Tris–NaCl buffer at pH 7.4 (Panel A) and
ratio of 6:4, respectively), prepared in a culture medium at pH 7.4 (Panel A) and pH
Figure 3. EDXD spectra of DOPE–CHEMS liposomes containing the Am-b-CD/DNA complex and prepared in a 50 mM Tris–NaCl buffer at pH 7.4 (Panel A) and pH 5.0 (Panel B).
Figure 4. EDXD spectra of DOPE–CHEMS liposomes containing the Am-b-CD/DNA
complex and prepared in a complete culture medium at pH 7.4 (Arrow A) and pH
5.0 (Arrow B).
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liposomemembranes as a consequence of electrostatic interactions
between Am-b-CD amine and/or DNA phosphate groups with
CHEMS carboxylic and/or DOPE amine groups. The absence of
CHEMS among DOPE molecules would allow DOPE molecules to
be brought closer to each other, thus favoring hexagonal phase for-
mation. Similar results were observed previously by De Oliveira
et al. [21,24], where the existence of interactions between the lipid
bilayers consisting of DOPE and oleic acid (OA), as well as a 15-mer
oligonucleotide (ODN), were demonstrated. The ONmolecules have
15 phosphate groups that are able to interact with DOPE amine
headgroups. The linear ODN molecules located along the lipid lay-
ers of the liposomes by means of strong interactions between DOPE
amine groups and the ODN phosphate groups provoked a segrega-
tion of DOPE and OA in two different phases (hexagonal and lamel-
lar). However, it is important to note that the fraction of lipids
organized in a hexagonal phase is not commonly extensive within
the bilayers, especially since the presence of aggregates in the sam-
ple was not observed. It is known that when the DOPE molecules
are organized in a hexagonal phase, the destabilization of the lipo-
somal vesicles occurs, resulting in the formation of lipid aggregates
that are larger in size than the original vesicles. The formation of
aggregates could be identiﬁed by the precipitation of the sample.
The found mean diameter of liposomes containing the Am-b-CD/
DNA complex, at pH 7.4, was equal to 159 nm. Other authors have
also demonstrated that DNA strands can accommodate between
charged-lipid bilayers. EDXD studies performed by Caracciolo
et al. [26,27] showed that DNA strands were condensated between
apposed lipid bilayers consisting of DOTAP/DOPC or DOTAP/DOPE/
CHOL. Furthermore, it could be observed that DNAmolecules inter-
act with the lipids and that, on the excess of cationic lipids, a demix-
ing of the bilayer leading up to the formation of a biphasic system
occurs. This result can be explained by the interbilayer repulsions
that set the ﬁnite amount of cationic lipids. Similar topological rear-
rangement of DOTAP/DOPC and DOTAP/DOPE liposomes and DNA
within a multilayer structure, with the DNA interspersed between
the bilayers, had been described previously by Rädler et al. [28].
On the other hand, Francescangeli et al. [29] showed the formation
of an inverted-hexagonal structure in the case of self-assembly of
ternary DOPE–DNA–Fe2+ complexes, in which the DNA strands ﬁll
the water space inside the cylinders of DOPE, while themetal cation
stabilizes the structure by binding the DOPE polar headgroups to
the phosphate groups of DNA. This structure is analogous to that re-
ported by Koltover et al. [30] for cationic liposomes made up of DO-
TAP/DOPE and which contain a weight fraction of DOPE/
(DOPE + DOTAP) that is greater than 0.7. This self-assembly was
also observed for DC–CHOL–DOPE/DNA cationic liposomes [31].
The effect of the reduced pH on the supramolecular organiza-
tion of liposomal membranes comprised of DOPE and CHEMS,
and containing the Am-b-CD/DNA complex, is shown in Figure 3,Panel B. X-ray patterns revealed peaks located at q = 0.154, 0.266,





7, and 3, thus indicating the hexagonal organization of
DOPE. It is worth noting that the electrostatic interactions between
the Am-b-CD/DNA complex and the bilayer lipids did not prevent
the lamellar to hexagonal transition of DOPE. Such a result is inter-
esting as it leads one to conclude that the phase behavior of these
anionic and pH-sensitive liposomes may not be altered by the
presence of the Am-b-CD/DNA complex. In addition, two peaks
could be observed at q = 0.238 and 0.368 Å1, which are close to
a periodicity or the Bragg reﬂections equal to 1 and
p
2. This also
seems to correspond to a non-lamellar structure.
The effect of proteins of the fetal bovine serum and the pH of
the culture medium on the behavior phase of DOPE is demon-
strated in Figure 4. At pH 7.4 (Panel A), three broad peaks were
observed, at which point it was impossible to establish the ratio
of X-ray spacing. This ﬁnding suggests that the addition of proteins
in a culture medium leads to the formation of less ordered struc-
tures of DOPE. This supramolecular disorganization of DOPE was
not observed for the blank liposomes prepared in a culture med-
ium without proteins, as reported in Figure 2. However, this inﬂu-
ence of proteins does not appear to compromise the formation of
vesicles consisting of DOPE:CHEMS which contain the Am-b-CD/
DNA complex, given that their mean diameter, measured by means
of photon correlation spectroscopy, was equal to 158 nm.
DC–CHOL–DOPE/DNA lipoplexes showed also be able to interact
with basic plasma proteins without provoking the destabilization
of the nanostructures [25,32]. In this case, the authors believe that
this interaction is due to a fraction of adsorbed DNA at the lipoplex
membrane which interact electrostatically with basic proteins (i.e.
70 S.M.L. Silva et al. / Chemical Physics Letters 506 (2011) 66–70with pKa > 7). Such lipoplexes structures are most likely a mixture
of multilamellar complexes with DNA sandwiched between oppos-
ing lipid membranes and DNA-loaded intact vesicles that are most
probably deformed at the surface of contact, without rupture (i.e.
unilamelar lipoplexes). Considering that the surface charge of
DOPE/CHEMS liposomes containing the Am-b-CD/DNA complex is
also negative (f-potential = 58 mV), we can suppose that the ob-
served afﬁnity of proteins for membranes could also just be a result
of electrostatic interactions. In addition, the DNA peak was not de-
tected in the EDXD spectra of these liposomes. This ﬁnding sug-
gests that the DNA packing was altered by interaction of the
liposomal membrane with components of the CCM. Similar results
were reported for DC–CHOL–DOPE/DNA lipoplexes by Caraciolo
et al. [32].
At pH 5.0 (Panel B), the structure of DOPE is more disordered,
which can be proven by the disappearance of one peak at
q = 0.24 Å1 and by a greater width of the Bragg peak at a low q va-
lue. This result is interesting because, despite the existence of
interactions between proteins of the fetal bovine serum and bilay-
ers, this fact does not seem to alter the pH-sensitivity response of
the liposomes. To conﬁrm the behavior of this anionic and pH-sen-
sitive formulation in a biological medium that contains proteins or
not, transfection studies must be performed.
4. Conclusions
The success of gene therapy related to the use of non-viral car-
riers depends on their stability and ability to deliver DNA to cells.
Anionic and pH-sensitive liposomes have emerged as an alterna-
tive for non-viral gene carriers as they can be taken up by cells
by means of endocytosis, followed by their destabilization within
endosomes and their release of DNA molecules into the cytoplasm.
However, to guarantee the transfection efﬁciency of this system,
the understanding of the structural organization of lipids after
the encapsulation of DNA molecules and in the presence of biolog-
ical components becomes essential. The EDXD spectra of liposomes
containing Am-b-CD/DNA complex, at pH 7.4, is different to that
obtained for blank liposomes. This ﬁnding demonstrates that there
is an enough amount of DNA inside liposomes able to change the
self-assembly of lipids, and consequently to alter the phase behav-
ior of DOPE molecules. The present study demonstrated that the
Am-b-CD/DNA complex interacts with liposomal membrane lipids,
resulting in the presence of lamellar and hexagonal phases at a
physiological pH. However, the occurrence of the lamellar-to-hex-
agonal phase transition of DOPE, at pH 5.0, was not abolished.
Within an acidic medium, such as occurs inside of endosomes, only
the formation of the hexagonal phase exists. This ﬁnding isimportant as it shows that the interactions between the lipids
and the Am-b-CD/DNA complex were unable to eliminate the
lamellar-to-hexagonal phase transition, which is crucial for the
cytoplasmatic delivery of DNA molecules from pH-sensitive lipo-
somes. The self-assembly of anionic and pH-sensitive liposomes
containing the Am-b-CD/DNA complex, which was exposed to pro-
teins, was altered at both pH 7.4 and pH 5.0. In these conditions, a
less-ordered lipid organization could be observed, which avoided
the identiﬁcation of phases by using EDXD. However, at pH 5.0, a
more pronounced structural disorganization could be observed,
which suggests that these liposomes retained their pH-sensitivity.References
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